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Isoprenylcysteine carboxyl methyltransferases (Icmts) are a class of integral membrane protein methyl-
transferases localized to the endoplasmic reticulum (ER) membrane in eukaryotes. The Icmts from human
(hlcmt) and Saccharomyces cerevisiae (Ste14p) catalyze the a-carboxyl methyl esterification step in the
post-translational processing of CaaX proteins, including the yeast a-factor mating pheromones and both

Keywords: human and yeast Ras proteins. Herein, we evaluated synthetic analogs of two well-characterized Icmt

lscm]t4 substrates, N-acetyl-S-farnesyl-L-cysteine (AFC) and the yeast a-factor peptide mating pheromone, that
tel4dp contain photoactive benzophenone moieties in either the lipid or peptide portion of the molecule. The

a-Factor

Photocrosslinking AFC based-compounds were substrates for both hlcmt and Ste14p, whereas the a-factor analogs were only

Benzophenone substrates for Ste14p. However, the a-factor analogs were found to be micromolar inhibitors of hlcmt.

Together, these data suggest that the Icmt substrate binding site is dependent upon features in both the
isoprenyl moiety and upstream amino acid composition. Furthermore, these data suggest that hlicmt
and Ste14p have overlapping, yet distinct, substrate specificities. Photocrosslinking and neutravidin-
agarose capture experiments with these analogs revealed that both hicmt and Ste14p were specifically
photolabeled to varying degrees with all of the compounds tested. Our data suggest that these analogs will
be useful for the future identification of the Icmt substrate binding sites.

© 2012 Elsevier Inc. All rights reserved.

Methyltransferase

1. Introduction

Many eukaryotic proteins are initially synthesized with a C-ter-
minal amino acid CaaX motif that signals a series of post-transla-
tional modifications including isoprenylation of the cysteine
(C) by either a farnesyl or geranylgeranyl moiety, proteolysis of
the —aaX residues and a-carboxyl methyl esterification of the new-
ly exposed cysteine residue [1-3]. CaaX proteins include the Ras
superfamily of small GTPases [4,5], Rheb, the nuclear lamins, the
Rho family of GTPases and the 7y subunits of heterotrimeric G
proteins [2,6-8].

The only enzymes known to methyl esterify the o-carboxylate
group of CaaX proteins are the isoprenylcysteine carboxyl methyl-
transferases (Icmts), a family of integral membrane proteins local-
ized to the endoplasmic reticulum (ER) [2,6,9-12]. Ste14p from
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Saccharomyces cerevisiae, the founding member of the Icmt family
of enzymes, is a 26-kDa integral membrane protein with six puta-
tive transmembrane helices [13,14]. The human enzyme, hlcmt,
which shares 41% identity and 63% similarity with Stel4p, is a
33-kDa membrane protein with eight putative transmembrane
helices [15-17]. Interestingly, hlcmt functionally complements
the mating defect of a Aste14 strain by methylating the a-factor
peptide, suggesting that the enzymes have overlapping substrate
specificities [15]. In addition to CaaX proteins and peptides,
numerous small molecules such as N-acetyl-S-farnesyl-L-cysteine
(AFC), N-acetyl-S-geranylgeranyl-L-cysteine (AGGC), and farnesyl
thiopropionic acid (FTP) have been shown to be substrates for both
human and yeast Icmts [18,19], while other compounds have
shown specificity for the yeast enzyme [17].

Aside from these few examples, little is known about the differ-
ences in substrate specificity between the yeast and human en-
zymes, nor is it known how and where the substrates bind to
these Icmts. A recent 3.4 A crystal structure of the prokaryotic Icmt
ortholog Ma-ICMT has been published that revealed important
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well-conserved structural features of the binding pocket for the co-
substrate S-adenosyl-L-methionine (SAM) [20]. The structure also
showed a conserved access tunnel for lipidated substrates that is
comprised of residues both in the C-terminal SAM-binding domain
and those in the N-terminal half of the protein [20]. The N-terminal
segment of the protein is thought to confer substrate specificity for
lipid substrates. However, poor sequence conservation between
Ma-ICMT and the eukaryotic Icmts in the N-terminal half pre-
cluded a definitive analysis of residues important for binding the
isoprene moieties and thus, different approaches must be taken
to identify these key amino acids.

Benzophenone-modified substrate analogs have been used pre-
viously to interrogate the protein binding sites for farnesyl and ger-
anylgeranyl moieties. The utility of this approach was first
demonstrated in experiments designed to probe the interaction be-
tween the CaaX protein Rho and its regulator RhoGDI [21]. In that
study, an isoprenoid-containing cysteine analog bearing the benzo-
phenone label in the lipid itself was used to demonstrate that the
isoprene group itself specifically interacts with RhoGDI. Most re-
cently, a series of benzophenone-modified peptide analogs based
on the yeast a-factor sequence was developed and used to examine
the activity of yeast CaaX protease Ras converting enzyme 1
(Rcelp). These experiments demonstrated that yeast Rcelp recog-
nized the modified analogs as substrates and each analog specifi-
cally photoaffinity labeled the protein [22,23]. Similarly, carboxyl
methylated, photoactive analogs of the a-factor mating pheromone
peptide were shown to functionally interact with the a-factor
receptor, Ste3p [24].

In this study, we synthesized and examined several analogs of
AFC and farnesylated a-factor peptides that contained both a biotin
tag and a photoactive benzophenone moiety, either in the isoprene
unit or in the peptide region, for their ability to bind and act as sub-
strates or inhibitors of hlcmt and Ste14p. The benzophenone group
allowed for specific photoaffinity labeling of the substrate binding
site and the biotin moiety allowed for isolation of the labeled pro-
tein from a crude membrane mixture. Using kinetic studies, we
determined that the AFC analogs were substrates for both
enzymes. The a-factor analogs were only substrates for Stel4p
but were competitive inhibitors of hlcmt. Furthermore, using
photocrosslinking experiments followed by isolation with neutra-
vidin-agarose beads, we determined that both Ste14p and hlcmt
were labeled by all of the analogs tested, albeit to varying degrees,
under saturating conditions.

2. Materials and methods
2.1. Chemistry

2.1.1. Materials

All solvents and reagents used for the solid-phase peptide syn-
thesis of the photoactivatable peptides were of analytical grade
and purchased from Peptides International (Louisville, KY), Nova-
BioChem® (Nohenbrunn, Germany), or Sigma-Aldrich (St. Louis,
MO). N-Acetyl-S-farnesyl-i-cysteine (AFC) was synthesized in the
Gibbs laboratory (Purdue University) as previously described
[25]. High performance liquid chromatography grade acetonitrile
(CH3CN), dichloromethane (DCM), N,N-dimethylformamide
(DMF), trifluoroacetic acid (TFA), and H,O were purchased from
Fisher Scientific (Springfield, NJ), OmniSolv® (Charlotte, NC), or Sig-
ma-Aldrich. NHS-PEG,-Biotin was obtained from Thermo Scientific
(Waltham, MA).

2.1.2. Synthesis and chemical characterization of photoaffinity analogs
Detailed descriptions for the synthesis and chemical character-
ization of the photoaffinity analogs Am-bpBFC BPA Analog (2),

F-bpBFC AFC Analog (3), Biotin-Peg,-YIIKGVFWDPAC (4), Biotin-
Peg,-YIIKGVFWDPAC(Cs-meta-Bp) (7a), Biotin-Peg,-YIIKGVFWD-
PAC(Cs-para-Bp) (7b), Biotin-Peg,-YIIKGVFWDPAC(C,o-meta-Bp)
(8a) and Biotin-Peg,-YIIKGVFWDPAC(C,o-para-Bp) (8b) are found
in Supplementary data.

2.2. Biochemical evaluation

2.2.1. Materials

S-Adenosyl-.-[1*C-methyl] methionine ([!*C]-SAM) was pur-
chased from Perkin ElImer (Waltham, MA). a-myc monoclonal anti-
body, goat o-mouse IgG and goat o-rabbit IgG were purchased
from Invitrogen (Carlsbad, CA). The a-Ste14 polyclonal antibody
was a gift from Dr. S. Michaelis (The Johns Hopkins University
School of Medicine). The neutravidin coated agarose beads and
SuperSignal West Pico enhanced chemiluminescence (ECL) were
purchased from Pierce (Rockford, IL).

2.2.2. Yeast strains and crude membrane preparations from yeast cells

His,omycsN-Ste14p (His-Ste14p) and His;gmycsN-hlcmt
(His-hlcmt) yeast strains were cloned and expressed as previously
described [9,17]. Crude membranes were prepared as described
previously with minor modifications [9]. After centrifugation at
100,000g, the membrane pellet was resuspended in 10 mM Tris—
HCl, pH 7.5, aliquoted, flash frozen in liquid N, and stored at
—80°C.

2.2.3. In vitro methyltransferase vapor diffusion assay

Reactions were performed as described previously [26]. All inhi-
bition studies were completed as detailed earlier [17]. Crude mem-
brane preparations derived from a Aste14 strain transformed with
an empty vector were used as the negative control for these
experiments.

2.2.4. Photocrosslinking and neutravidin-agarose pull-down assays
Photocrosslinking assays were performed as described previ-
ously, with minor modifications [22]. Briefly, 100 ug of crude
membrane preparation expressing either His-Ste14p or His-hlcmt
in 100 mM Tris-HCl, pH 7.5 were incubated in the presence of sat-
urating concentrations of the photoaffinity analogs and incubated
at 4 °C for 10 min. After incubation, the samples were irradiated
with UV light (365 nm) in 96-well plates for 40 min on ice. Follow-
ing photocrosslinking, unreacted analog was removed by chloro-
form/methanol extraction [27]. The resulting protein samples
were solubilized in 400 pL of radioimmunoprecipitation assay
(RIPA) buffer (25 mM Tris-HCI, pH 7.5, 150 mM NacCl, 1% triton
X-100, 1% sodium deoxycholate, 0.1% sodium dodecylsulfate)/10%
SDS and incubated with 50 pL of a 50% neutravidin/RIPA bead slur-
ry for 2 h at room temperature. Following incubation, the beads
were centrifuged at 13,000g for 1 min and washed three times with
RIPA/10% SDS. The crosslinked protein was eluted from the neutra-
vidin beads by the addition of 50 pL of 2x SDS sample buffer
(0.5 M Tris-HCl, pH 6.8, 30% sucrose (w/v), 10% sodium dodecylsul-
fate (w/v), 3.5 M 2-mercaptoethanol and 0.1% bromophenol blue
(w/v)). The His-Ste14p samples were heated for 30 min at 65 °C
and the His-hlcmt samples were incubated at room temperature
overnight. The proteins were separated by 10% SDS-PAGE and
transferred to nitrocellulose (0.22 pum). The nitrocellulose mem-
brane was blocked at room temperature for 2h in 20% (w/v)
non-fat dry milk in phosphate-buffered saline with Tween-20
(137 mM Nacl, 2.7 mM KCl, 4 mM Na,HPO,4, 1.8 mM KH,PO4 and
0.05% (v/v) Tween-20, pH 7.4) (PBST). The blocked membrane
was then incubated for 2 h at room temperature with primary anti-
body (1:1000 o-Ste14p) or (1:10,000 ao-myc) in 5% (w/v) non-fat
dry milk in PBST for His-Ste14p or His-hlcmt, respectively. The
membrane was washed in PBST three times and then incubated
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for 1 h at room temperature with secondary antibody (1:10,000
goat o-rabbit IgG-HRP for a-Ste14p or 1:4000 goat a-mouse IgG-
HRP for a-myc) in 5% (w/v) dry milk in PBST. The membrane was
washed three times with PBST and the proteins were visualized
using ECL.

3. Results and discussion
3.1. Probe synthesis

All of the photoactive probes used in the studies described here
were prepared via solid phase synthesis (Fig. 1). For the preparation
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of the AFC analogs, the compounds were assembled starting with
Fmoc-Cys(S-t-Bu)-OH that had been immobilized on 2-chlorotrityl
resin [28]. Side chain deprotection followed by S-alkylation was
used to install either a farnesyl group (for 2) or a benzophenone-
based photolabel (for 3) [29]. Photolabel 3 was based on a
previously described AFC analog [21]. Fmoc deprotection and
subsequent chain elongation using standard solid phase synthetic
procedures followed by cleavage under mild acidic conditions affor-
ded the desired probes. For the preparation of the a-factor-based
analogs, the biotinylated peptide 4 was first prepared via standard
solid phase synthetic procedures. That compound was then
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Fig. 1. Structures of Photoactive Analogs of AFC and the a-factor peptide from S. cerevisiae.
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isoprenoids 5a or 5b [30,31]to yield 7a or 7b, respectively; simi-
larly, alkylation of 4 with 6a or 6b [32,33] yielded 7a or 7b,
respectively.

3.2. All photoaffinity analogs were substrates of His-Ste14p

We first examined the ability of the benzophenone-labeled AFC
(1) analogs (2 and 3) and a-factor mimetics (7a, 7b, 8a and 8b) to
act as substrates for yeast His;omycsN-Ste14p (His-Ste14p) using
an in vitro methyltransferase vapor diffusion assay. We determined
the K, and V. values for each analog using crude membrane
preparations from yeast expressing His-Ste14p (5 pg), using AFC
as the positive control [17]. The small molecule photoaffinity com-
pounds based on AFC (2 and 3), demonstrated similar K, values to
that of AFC (Table 1) [17]. The a-factor peptide photoaffinity ana-
logs with the benzophenone substituted in the meta position (7a
and 8a) also demonstrated similar K, values to AFC (Table 1).
Interestingly, the K, values for the a-factor analogs containing a
para-substituted benzophenone moiety (7b and 8b) were 2-3
times lower than the meta-substituted analogs. These data suggest
that 7b and 8b interact with the His-Ste14p binding site with high-
er affinity, possibly as a result of the increased linear and aromatic
hydrophobicity of the analogs. AFC and the small molecule AFC-
based analogs substrates may demonstrate greater K, values than
the a-factor analogs because they lack favorable downstream ami-
no acid contacts with the His-Ste14p substrate binding site. To-
gether, these data suggest that features of both the lipid moiety
and the peptide sequence affect binding to His-Ste14p. However,
it is important to note that while the isoprene moiety is absolutely
essential for recognition by His-Ste14p and other Icmts, the pep-
tide sequence is dispensable [8], and may serve as a more subtle
recognition factor for the selection of substrates in vivo.

Although the K, values for 2, 3, 7a and 8a were similar for His-
Ste14p, the V. values varied greatly (Table 1). Analog 2, which
contains a photoactive a p-benzoyl-i-phenylalanine upstream of
the cysteine residue, demonstrated the greatest Vi,.x (2072 pmol/
min/mg). This value was more than 2-fold greater than that of
AFC (869 pmol/min/mg), the compound defined as the minimal
substrate for Icmts that contains peptide character [8]. These data
suggest that His-Ste14p can turn over a substrate containing a
bulky hydrophobic moiety next to the lipidated cysteine residue
more quickly and may point to a mechanism in which product re-
lease is rate limiting. Analog 3 manifested the lowest Vi,
362 pmol/min/mg, with analogs 7a and 8a showing midrange V ,ax
values of 473 and 762 pmol/min/mg, respectively (Table 1). Ana-
logs 7b and 8b, which had the lowest K, values, showed the lowest
Vmax values of all the substrates tested against His-Ste14p. This
reduction in substrate turnover may reflect a suboptimal confor-

Table 1
Kinetic parameters for AFC and a-factor photoaffinity analogs as substrates for His-
Stel4p.

Compound Kngappy™® Vinax™”
(nM) (pmol/min/mg)
1 15.9+09 [17] 869.6 £+ 14.9
2 17.9+£0.5 2072 +112
3 183104 362+4.2
7a 14.6+£0.3 762 +28
7b 6.1+0.6 320+ 16
8a 15+0.2 473 +8
8bh 5.1%0.6 240+3.8

2 Data are the average of three experiments performed in duplicate + standard
deviation (S.D.).

b Values were determined by fitting data to classical (Michaelis—Menten)
enzyme-catalyzed curve data using GraphPad Prism 4.

¢ pmol methyl groups transferred to substrate.

Table 2
Kinetic parameters for AFC and a-factor photoaffinity analogs as substrates for His-
hlcmt.

Compound KinP Vinax™? ICs50™ (UM)
(UM) (pmol“/min/mg)

1 10.3+0.5[17] 884 +49 N.A.

2 5905 504 +27 N.A.

3 34+03 24+2 N.A.

7a N.D. N.D. >100

7b N.D. N.D. >100

8a N.D. N.D. 257+1.6

8b N.D. N.D. 13.7+0.8

2 Data are the average of three experiments performed in duplicate + standard
deviation (S.D.).

b Values were determined by fitting data to classical (Michaelis-Menten)
enzyme-catalyzed curve data using GraphPad Prism 4.

¢ Values were found by fitting data to variable slope sigmoidal dose-response
curve using GraphPad Prism 4.

9 pmol methyl groups transferred to substrate.

mation for effective catalysis or a decreased ability to release prod-
uct following the reaction.

3.3. AFC photodffinity analogs were substrates for His-hlcmt but the a-
factor photoaffinity peptide analogs were inhibitors

We next examined the ability of these analogs to act as sub-
strates for His;omycsN-hlcmt (His-hlcmt). We performed kinetic
analyses to determine the K, and V.« values for each of the ana-
logs and to establish if differences in substrate specificity existed
between the yeast and human enzymes (Table 2). We found that
2 is a substrate for His-hlcmt with a K, lower than that for AFC
and a V.« that was only slightly decreased. However, 3, which
contains the modified isoprenyl group, was not a substrate for
His-hlcmt to any measurable extent and thus, the K, value is not
particularly relevant (Table 2). Furthermore, even though the na-
tive a-factor peptide is a substrate for His-hlcmt [15], none of the
modified a-factor analogs displayed any measurable activity (data
not shown). However, all of a-factor peptides were inhibitors of
His-hlcmt, to varying degrees (Table 2). Analogs 7a and 7b, which
have a shorter 5-carbon isoprene spacer, were poor inhibitors of
His-hlcmt (ICso > 100 pM) whereas 8a and 8b, which have a 10-
carbon isoprene spacer, were relatively potent, displaying ICsq val-
ues of 25.7 + 1.6 uM and 13.7 + 0.8 puM, respectively (Table 2). The
calculated K; values for 8a and 8b using the Cheng-Prusoff method
were 13.0+0.8 uM and 7.0+0.4 uM, respectively [34]. These
marked differences between the activities of these photoaffinity
analogs and His-Ste14p and His-Icmt highlight previously unap-
preciated substrate specificity differences between the different
Icmts. Furthermore, these data suggest that the hlcmt binding site
is less tolerant of changes in the isoprene architecture than is
Ste14p.

3.3.1. His-Ste14p specifically interacted with each of the
benzophenone-modified analogs

To evaluate the ability of His-Ste14p to be labeled with the ana-
logs, we performed photoaffinity labeling studies. Crude mem-
branes expressing His-Stel4p (100 pg) were incubated with
saturating concentrations of each substrate, based on kinetic
parameters, and photocrosslinked with UV light (365 nm) for
40 min [22]. The crosslinked proteins were isolated by neutravi-
din-agarose capture exploiting the biotin tag on each analog and
resolved by SDS-PAGE. Incubation with AFC served as the negative
control and membrane preparations from a Aste14 deletion strain
served as the control for non-specific binding. The proteins were
visualized by enhanced chemiluminescence (ECL) following immu-
noblot analysis. The signal corresponded to the amount of analog



102 K. Hahne et al./ Biochemical and Biophysical Research Communications 423 (2012) 98-103
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Fig. 2. Inmumoblot of Analyses of His-Ste14p (A) or His-hlcmt (B) photocross-
linked with benzophenone-containing analogs. One hundred micrograms of crude
membrane protein were incubated with each substrate for 40 min on ice under UV
irradiation (365 nm). The samples were extracted and re-solubilized in RIPA/10%
SDS before enrichment using neutravidin-agarose beads. Proteins were eluted,
resolved by 10% SDS-PAGE, and visualized as described in Section 2. (A) His-Ste14p:
lane 1: 200 uM 1, lane 2:100 pM 2, lane 3:100 uM 3, lane 4: 50 uM 7b, lane 5:
100 uM 7a, lane 6: 50 uM probe 8b, lane 7: 100 uM 8a, lane 8: empty vector
(Aste14) + 100 uM 2. (B) His-hlcmt: lane 1: 200 pM 1, lane 2: 50 uM 2, lane 3:
50 uM 3, lane 4: 200 uM 7b, lane 5: 200 uM 7a, lane 6: 200 uM 8b, lane 7: 200 pM
8a, lane 8: empty vector (Aste14) + 50 pM 2.

covalently crosslinked to His-Ste14p (Fig. 2A). Although His-Ste14p
was labeled with all of the analogs, it is noteworthy that 2 and 7a
crosslinked to the protein less efficiently than the other com-
pounds, which labeled His-Ste14p with approximately equal effi-
ciency. Paradoxically, 2 was the best substrate for His-Stel4p
enzymatically, suggesting that the benzophenone moiety was not
in an ideal position in the binding pocket for efficient labeling.

3.4. Crosslinking experiments of modified substrates exhibit the ability
to covalently crosslink to His-hlcmt

To determine if His-hlcmt interacted similarly with the analogs,
crude membrane extracts expressing His-hlcmt (100 pg) were
incubated with saturating concentrations of each of the photoac-
tive reagents. Samples with His-hlcmt expressing membranes
incubated with AFC were used as the negative control and the
membrane preparation from the Aste14 strain was used as a
non-specific binding control. All of the samples were crosslinked,
enriched, and resolved under the same conditions as described
above for His-Ste14p. The amount of each crosslinked protein
was determined by immunoblot analysis followed by visualization
by ECL (Fig. 2B). These data indicated that all of the analogs labeled
the protein but that the degree of crosslinking varied with the
structure of these molecules. Analog 2 crosslinked more efficiently
than 3, possibly due to the fact that 3 was a poor substrate for His-
hlcmt (Table 2). For the peptide analogs, 8a labeled His-hlcmt most
efficiently followed by 7b, 8b and 7a. In an effort to determine the
nature of inhibition demonstrated by the a-factor analogs, we per-
formed competition experiments with His-Icmt and 8b (200 uM)
using increasing concentrations of the substrate AFC. The intensity
of photolabeling of His-lcmt with 8b decreased with increasing
AFC concentration, suggesting that 8b acted as a competitive inhib-
itor (data not shown). These data suggest that the a-factor analogs

interact and specifically label residues within the His-Icmt binding
pocket.

It is clear from our data that the labeling efficiencies for the ben-
zophenone-containing substrate analogs did not correlate com-
pletely to the kinetic data. For example, the a-factor peptide that
photolabeled His-hlcmt most efficiently was one of the poorest
inhibitors (Table 2 and Fig. 2B). Thus, care must be taken not to
over interpret the crosslinking data. Since variables such as prox-
imity and orientation of the moiety to the residues in the binding
pocket affect the ability to efficiently label a protein [35,36], the
observed variances in crosslinking to His-Ste14p and His-hlcmt
may be due to the position of the photolabel in the substrate bind-
ing site rather than a measure of their affinity for the enzymes.
However, since little structural information is available for these
integral membrane proteins, these analogs will be invaluable tools
in our future efforts to identify and define the substrate binding
sites for both yeast and human Icmts.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.05.089.
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